Metals like iron (Fe) and copper (Cu) function as integral components in many biological 2 reactions and in excess, these essential metals are toxic, and organisms must control 3 metal acquisition and excretion. We examined the effects of chronic waterborne Cu 4 exposure and the interactive effects of elevated dietary Fe on gene expression and tissue 5 metal accumulation in zebrafish. Softwater acclimated zebrafish exposed to 8µg/L Cu, 6
Introduction 22
Trace elements such as copper (Cu), and iron (Fe) are essential micronutrients for 23 all organisms due to their high redox potential, and importance as cofactors for a variety 24 of metabolic proteins, such as cytochrome C oxidase and haemoglobin (45). However, 25 due to increased anthropogenic activities, exogenous concentrations of these trace 26 elements are tending to increase in natural ecosystems, which can be harmful, if not fatal, 27 to aquatic organisms. Due to their persistence in the aquatic environment, it is important 28 to examine the chronic biological impacts of these metals, especially in tropical water 29 systems, where focus has been lacking. Zebrafish, a tropical species, have become an 30 excellent model to study the physiological and genetic impact of increased metal 31 contamination due to their publicly available genome and ability to tolerate softwater, 32 which is key in examining metal impacts without interference of other cations 33 (12,13,49,55,56). Furthermore, zebrafish are an endemic species to the Indian 34 subcontinent, and may be found in waters that can contain Fe and Cu at levels 100 and 15 35 times greater, respectively, than those dictated by Indian environmental protection rules 36 (Fe: 3mg/L vs 326mg/L; Cu: 3mg/L vs 48mg/L; 57) or United States EPA regulations 37 (66) . It is essential to understand the impact metals can have on tropical species in such 38 situations to assess the potential risk of morbidity and mortality which would lead to a 39 population decline. 40
The primary uptake pathway of trace metals in fish is the diet, although 41 considerable evidence suggests that Cu and Fe can also be taken up by the gills 42 (10,23,28). Several transport mechanisms associated with Cu and Fe uptake are found in 43 the gill, liver and gastrointestinal tract of zebrafish. Although principally characterized as 44 a Fe transporter, divalent metal transporter-1 (DMT-1) appears to function as a carrier for 45 most divalent metal ions across the apical surface of the cell (24). Its expression has been 46 detected in both the gills and gastrointestinal tract of zebrafish (11,31). Ferroportin, a 47 known Fe exporter, transports Fe from the cell into circulation and has been characterized 48 in both mammalian and fish models (1,17). Interestingly, in macrophages, ferroportin 49 gene expression has been shown to increase in a dose-dependent manner upon increased 50
Cu exposure, which stimulates the release of Fe (9). Other transporters involved are 51 specifically related to Cu: the apical copper transporter-1 (CTR-1) and the basolateral Cu-52
ATPase (ATP7A or Menkes gene). CTR-1 is ubiquitously expressed in all tissues in both 53 mammals and other vertebrates, although the largest concentration of CTR-1 in mammals 54 is found in the small intestine, where 90% of total body Cu is absorbed (61). In zebrafish, 55 the CTR-1 gene was first cloned and characterized in studies focusing on embryonic 56 development and the importance of Cu for growth (39) . It was found that altering 57 ambient levels of Cu inversely affected CTR-1 transcripts, indicating CTR-1 expression 58 changes are crucial for normal zebrafish development (39) . However, the CTR-1 gene 59
has not been examined under elevated waterborne Cu in adult zebrafish. Craig et al (13) 60 found that zebrafish had fluctuations in transcript levels of CTR-1 in the gill during 61 softwater acclimation, indicating that waterborne Cu is required for normal physiological 62 homeostasis. ATP7A ('Menkes' protein) is an essential Cu transport protein involved in 63 both the packaging and transport of cellular Cu into the plasma. Essentially, ATP7A can 64 transfer Cu to the Golgi apparatus to be incorporated into copper-dependent enzymes 65 such as lysyl oxidase or allow for direct secretion of Cu into the circulation (see review 66
by 33). Characterization of this transporter is well established in mammals, due to its 67 importance in human copper deficiency diseases such as Menkes disease (36). To date, 68 no characterization of ATP7A expression has been performed in adult zebrafish exposed 69 to elevated waterborne Cu. Changes in expression of this protein may be important for 70 the regulation of basolateral Cu transport with changing environmental Cu exposure. 71
As metals accumulate within cells above ambient levels, several mechanisms are 72 invoked to prevent cellular damage, particularity metal chaperone proteins such as 73 metallothioneins (MT). MTs are metal-binding proteins of low molecular mass that play 74 essential biological roles in metal homeostasis, cytoprotection and detoxification (27) . 75 Furthermore, they are increasingly used as biomarkers of metal pollution in the 76 environment (14,30,51). Two different isoforms of MTs have been cloned and 77 characterized in zebrafish, MT1 and MT2 and are found in the majority of tissues (7,21). 78
These isoforms are particularly sensitive to cadmium (Cd) and Cu, but they are known to 79 bind to various other metals (27). However, the relative responsiveness of the two 80 isoforms has not been studied previously in zebrafish. It is of particular interest to 81 examine which isoform is most sensitive to Cu, as this may aid in determining 82 biomarkers of Cu toxicity. 83
There is a wealth of data on single metal exposures in fish (4,5,8) including 84 zebrafish (12). However, it is more relevant, both environmentally and physiologically, 85 to examine exposure to metal mixtures. We chose to examine the interactive effects of 86
Fe and Cu since in a pilot study, we found that chronic exposure to 15μg/L waterborne 87
Cu caused a surprising increase in expression of DMT-1 in the gills, which was contrary 88 to our predictions of zebrafish maintaining homeostatic control over Cu. There was also a 89 significant reduction in the Fe load in the liver indicating a potential competition between 90 Additionally, as a functional test, short-term uptake of radiolabelled Cu ( 64 Cu) was 114 employed to complement this data to clarify the relationship between transcript levels, 115 protein levels, and functional Cu transport activity. 116
117

Materials & Methods 118 119
Fish Care 120
Adult zebrafish of mixed sex (Danio rerio) were purchased from a local pet fish 121 distributor (DAP International, Canada) and acclimated to soft-water over a 7 day period 122 in an aerated 40L aquarium as described previously (10; by a melting curve analysis to verify the specificity of the PCR products within and 181 between tissues. To account for differences in amplification efficiency between different 182 cDNAs, standard curves were constructed for each target gene using serial dilutions of 183 stock gill, gut and liver cDNA. To account for differences in cDNA production and 184 loading differences, all samples were normalized to the expression level of the house-185 keeping gene EF1α, which did not change over the course of the experimental treatments. 186
Gene expression data were calculated using the 2 -∆∆ct method (38). Both DNase-and 187
RNase-free water and non-reverse transcribed RNA were assayed on each plate to ensure 188 there was no contamination present in reagents or primers used. Primers were designed 189 using Primer3 (59). Target genes of interest are as follows: Menkes transporter (ATP7a), 190 copper transporter-1 (CTR-1), divalent metal transporter-1 (DMT-1), elongation factor-1 191 alpha (EF1α), ferroportin, metallothionein 1 (MT1), and metallothionein 2 (MT2). 192
Primers and accession numbers can be found in Table 1 . 
246
Results 247
Water ion composition & fish weights 248
Water ion analysis verified that all experiments were conducted in a soft-water 249 environment (hardness as CaCO 3 equivalents = 6.9± 0.3 mg/L; Table 2 ). This reduced the 250 protective effects which would be exerted by ions normally present in hard water against 251 metal toxicity. Statistical analysis revealed that a significant difference exists only when 252 comparing Cu concentrations to that of controls ( Table 2 ). The elevated Fe diet in 253 experiment 2 did not cause any change in waterborne Fe levels (Table 2) . Zebrafish were 254 weighed prior to and after exposure to all treatments, with the control and control + Fe 255 diet increasing in weight after 21d, and all other treatments decreasing in weight, by up to 256 17% for fish exposed to 8 μg /L Cu alone (Table 3 ). There were no mortalities in any of 257 the treatments. 258
Exposure to waterborne Cu and Fe diet 259
Significant increases in Cu load were found in all tissues examined in zebrafish 260 exposed to 8 μg/L Cu (Fig 1) . Interestingly, there was a significant accumulation of Cu in 261 the gills of zebrafish fed the high Fe diet only, which was further exacerbated in fish 262 exposed to 8μg/L Cu + high Fe diet (Fig 1A) . There was a tendency towards a decrease 263 in Fe tissue burden in both the gut and gill of fish exposed to 8μg/L Cu alone (p=0.06 & 264 p=0.07, respectively), and surprisingly a significant decrease in liver Fe of zebrafish 265 exposed to 8 μg/L Cu + high Fe diet (Fig 2) . There was little change in expression of 266 CTR-1 except in zebrafish treated with 8μg/L Cu + high Fe diet where there was a 13-267 and 7-fold significant increase in CTR-1 gene expression in both the gill and gut (Figure  268 3A, B). Likewise, we saw a 5-fold increase in DMT-1 gene expression in the gill under 269 the same conditions (Fig 4A) , but no changes were detected in the gut or liver. However, 270
DMT-1 expression did increase in both the gill and gut of zebrafish fed a high Fe diet in 271 the absence of additional Cu (Fig 4 A,B) . Interestingly, DMT-1 was upregulated in the 272 liver when zebrafish were exposed to 8μg/L Cu (Fig 4C) , as was ATP7A (Fig 5C) . 273
Zebrafish exposed to 8μg/L Cu + high Fe diet had significant increases in ATP7A 274 expression in both the gill and gut. There was also a significant increase in gut ATP7A 275 expression, but no change in the gill with Cu alone (Fig 5 A,B) . Ferroportin expression 276 increased significantly in the gut and gill of fish exposed to 8 μg/L Cu alone but the gut 277
was not responsive to other treatments (Fig 6A, B) . Furthermore, we saw a 2.5 -and 4-278 fold increase in gene expression of ferroportin in the gill and liver of fish fed a high Fe 279 diet in the absence of Cu. However, there were no increases in ferroportin gene 280 expression in liver of fish exposed to 8 μg/L Cu + high Fe Diet (Fig 6C) . When we 281 compared the expression profiles of MT1 versus MT2 in the gill and liver, we found that 282 MT2 had a greater response to Cu than MT1, but MT1 did significantly increase when 283 fish were exposed to both 8 μg/L Cu + Fe diet (Fig. 7A,C) . Neither MT1 nor MT2 284
showed changes in mRNA expression in the gut with any of the experimental treatments 285 (Fig. 7B) . 286
We examined CTR-1 protein expression changes using western blotting. Band 287 intensities were normalized to tubulin and expressed as a ratio of the control. We saw a 288 significant decrease in protein expression of CTR-1 in zebrafish exposed to 8μg/L Cu 289 only. Feeding zebrafish a high Fe diet resulted in a partial reversal of the Cu-induced 290 decline in CTR-1 protein expression (Fig 8) . Functional measurements of Cu transport 291 revealed a significant decrease in the gill apical and whole body uptake of 64 Cu in 292 zebrafish exposed for 21d of 8μg/L Cu, and only a decrease in the whole body uptake of 293 zebrafish exposed to 8μg/L Cu + high Fe diet (Fig. 9) . 294 295 Discussion 296
This study shows that both chronic waterborne Cu exposure and a high Fe diet 297
can on their own significantly alter the genetic expression pattern of Cu transporters at 298 the level of the gill, liver, and gastrointestinal tract, but that there are also unique 299 interaction effects. With a moderate Cu exposure (8μg/L), in confirmation of an initial 300 pilot study at a higher Cu level (15 μg/L, unpublished), we found there was a decrease in 301 tissue Fe levels in the gill and gut (Fig 2A,B) . This prompted us to expose zebrafish to an 302 elevated Fe diet, since we assumed Cu could have a competitive effect with Fe due to a 303 shared uptake pathway (DMT-1). With the addition of Fe to the diet, we did not see any 304 changes in Fe tissue levels, despite an increased Cu load in the gills, gut and liver (Fig 1) . 305
Upon examination of the gene expression profile, we found 8 μg/L Cu + Fe diet 306 significantly increased expression of CTR-1 in the gill and gut (Fig 3A,B) . Additional 307 increases in DMT-1 were found in the gill and liver with waterborne Cu, with the Fe diet 308 exacerbating the increase in gill DMT-1 expression over the 8μg/l Cu exposure (Fig 4A,  309 C). Interestingly, we found that a high Fe diet without waterborne Cu significantly 310 increased DMT-1 expression in the gut (Fig 4B) . With respect to the basolateral Cu 311 transporter ATP7A, we found that moderate Cu exposure increased expression levels in 312 the gut and liver, and with the addition of an Fe diet, we saw increased expression in the 313 gills and gut (Fig 5) . Contrary to our gene expression profile, the protein expression of 314 CTR-1 and the apical uptake of Cu in the gills tell a different story. Protein expression 315 actually decreased concurrent with a decrease in Cu uptake. This may hint at an 316 increased protein turnover rate under stressful conditions (Fig 6, 7) . 317
Copper homeostasis in fish is tightly regulated, and as in higher vertebrates, such 318 as mammals, excess Cu is accumulated in the liver and excreted in the bile (22). Likewise 319 in zebrafish, we saw an elevated Cu load in the liver of fish exposed to increased 320 waterborne Cu (Fig 1C) . However, we also saw increases in Cu load in the gut under 321 these conditions (Fig 1B) . Waterborne Cu has two possible modes of uptake, either 322 through the gills or the gut, and excess Cu is excreted through the bile (22). Increased Cu 323 load in the gut may be primarily due to increased biliary excretion of Cu. Furthermore, at 324 8μg/L waterborne Cu, we saw elevated Cu load in the gills. Grosell 
uptake at the gill, since they can use the same transporter, DMT-1 (24). With zebrafish 333 exposed to both moderate waterborne Cu (8 μg/L) and Fe diet, we were able to reverse 334 the diminished Fe tissue levels, although a high Fe diet significantly increased the Cu 335 load in the gills both with and without waterborne Cu (Fig 1A) . Potentially, this is an 336 adaptive response to an elevated Fe load, as there are Cu-essential transmembrane 337 ferroxidases, like hephaestin, which function in addition to ferroportin, to translocate Fe 338 across the basolateral membranes into the general circulation, although this protein has 339
not as yet been localized in the zebrafish gill (68). 340
In an effort to identify potential genetic endpoints of chronic waterborne toxicity, 341
we examined both metal sequestering proteins and several key transporters thought to 342 regulate the uptake of Cu at both the level of the gills and gut. Furthermore, we examined 343 gene expression changes for these transporters in the liver, to identify any compensatory 344 responses to toxicity and characterize detoxification methods. Upon examination of the 345 two known MT isoforms, we found that MT2 was more responsive to Cu exposure than 346 MT1 in both gill and liver tissue (Fig 7A,C) , where there is the highest accumulation of 347 Cu (Fig. 1A, C) . Previous studies examining increased zinc exposure demonstrated that 348 MT-1 is more responsive to excessive Zn in rats (40), whereas MT-2 has demonstrated 349 specificity to Cu in blue crabs, although this has yet been identified in fish species (63) . 350
We additionally saw a 9-fold increase in expression of MT1 in the liver of zebrafish 351 exposed to both 8μg/L Cu + high Fe diet (Fig 7C) . However, the bottom line is that MT2 has been identified as a Cu related biomarker, 358 opposite to the current thinking of examining all forms of MTs. 359 CTR-1 is a high affinity Cu transporter first cloned in zebrafish by Mackenzie et 360 al. (39) . Interestingly, there is no evidence for transcriptional regulation of CTR-1 by Cu 361 in mammals, although protein levels undergo changes in subcellular location and 362 stabilization (35,54,65). Our study suggests that CTR-1 is transcriptionally regulated in 363 the gills and gut of zebrafish by moderate Cu + high Fe diet (Fig 3A, B) . Although 364 increased transcription of CTR-1 in a situation of elevated waterborne Cu seems counter 365 intuitive, it again could be a compensatory response to promote cellular assimilation and 366 translocation of essential metals. Cu is transported from the cell into the blood stream 367 through two potential routes, either direct secretion via ATP7A or incorporation into 368 ceruloplasmin (44, 67 trout intestine (48,50). In similar fashion to CTR-1, we saw a significant increase in 378 DMT-1 expression in the gills and gut of zebrafish exposed to a high Fe diet (Fig. 4A,B) , 379 suggesting increased Fe uptake, although we did not see any substantial increase in tissue 380
Fe load ( Fig 2A,B) . Cooper et al (11) have shown that a low Fe diet results in increased 381 DMT-1 expression as an adaptive response to absorb more Fe from a deficient diet. In 382 our study, we found that DMT-1 expression increased with a high Fe diet in the gut and 383 gills (Fig. 4A,B) . There was also significant increase in DMT-1 expression in zebrafish 384 exposed to 8μg/l Cu + high Fe diet in the gills, although there were no changes in 385 expression in the gut in this treatment (Fig 4A,B) . Potentially, zebrafish exposed to high 386 waterborne Cu are reducing the uptake of Cu in the gut by decreasing the number of 387 uptake pathways. In the liver, we see a significant increase in DMT-1 only in zebrafish 388 exposed to 8μg/l waterborne Cu (Fig 4C) . In fish, Cu is transported through the blood via 389 ceruloplasmin (53) and as seen in mammalian liver cell suspensions, Cu bound to 390 ceruloplasmin is taken up into hepatocytes by a ceruloplasmin receptor (64). However, in 391 cases of excessive Cu exposure, free Cu ion levels can increase in the blood serum, 392 although this phenomenon has only been identified in mammals (6,15). Although there 393 was no change in CTR-1 expression in the liver (Fig. 3C) , the increase in DMT-1 394 expression (Fig. 4C) may allow for the uptake of excessive Cu ions from the blood serum 395 into the liver hepatocytes for sequestration and excretion. 396
In a manner similar to DMT-1, ferroportin, a known Fe exporter, is modulated by 397 both Cu and Fe (Fig 6) . The function of ferroportin as a Fe exporter has been studied in 398 mammalian and amphibian models, and has shown increased expression levels upon 399 exposure to excessive exogenous Fe and Cu (9,17,42). Likewise, we saw increased 400 expression in the gut when zebrafish were exposed to 8 μg/L Cu alone and a 4-fold 401 increased expression in the liver of zebrafish fed a high Fe diet in the absence of Cu (Fig  402   6B,C) . Furthermore, there were significant increases in ferroportin expression in the gills 403 of zebrafish exposed to either 8 μg/L Cu alone or Fe diet alone (Fig 6A) . In Xenopus 404 oocytes and mammalian macrophages, excessive Fe results in increased ferroportin 405 expression and protein levels to offload excessive Fe, which can increase levels of 406 reactive oxygen species (9,17,42). However, in our fish, we saw that in the liver, there 407 was an increased ferroportin expression when fish were exposed to a high Fe diet alone, 408 even though there was no accumulation of Fe in the liver (Fig 2C) . Indeed, under all 409 experimental conditions there was a depression of Fe levels in the liver, which indicates 410 that the liver functions to offload excessive Fe in these situations, yet we did not see the 411 respective changes in gene expression, except under exposure of a high Fe diet (Fig 6C) . 412
Furthermore, we saw that Cu can stimulate ferroportin expression in the gills and gut ( there is no published RNA sequence in Genbank, which hints at a functional loss of the 428 ATP7B gene. Our study suggests that ATP7A is important in basolateral transport of Cu 429 out of the cells of the gill and gut under conditions of moderate Cu + high Fe diet (Fig  430   5A,B) . In addition, there were significant increases in ATP7A in the gut and liver under 431 conditions of moderate Cu exposure (Fig 5B,C) . Two plausible explanations for the 432 increase in ATP7A are 1) Cu plays a vital role in the oxidation of Fe ions, and this relates 433 to the increased expression of ATP7A, as this transporter also acts to shuttle Cu to the 434 Golgi apparatus to be incorporated into secreted cuproenzymes (44); 2) Increased cellular 435
Cu is known to increase reactive oxygen species, and this results in increased oxidative 436 damage (12,16). Therefore increased basolateral transport of Cu would help remove Cu 437 from the cell, and in the case of the liver, allow for the excretion of excessive Cu, 438 although this requires further investigation. 439
Contrary to our findings that CTR-1 expression remained stable following 440 exposure to 8μg/L Cu and actually increased after treatment with 8μg/L Cu + high Fe 441 diet (Fig. 3A) , we found a significant reduction in both apical uptake (in the 8μg/L Cu + 442 high Fe diet exposure) and whole body incorporation of waterborne Cu (in both 443 treatments) and reduced protein expression levels of CTR-1 in the gill (Figs. 8,9 ). Note 444 also that the expression levels of the other two genes likely involved in Cu uptake at the 445 gills (DMT1, Fig. 4A ) and ATP7A (Fig. 5A ) remained stable or increased in one or both 446 of these treatments. This is the first study to investigate both the transcription profile and 447 functional uptake of CTR-1, and provides significant insight into predictions of chronic 448 endpoints of Cu toxicity, since increased expression of target genes does not necessarily 449 translate into increased protein levels or increased function. 450
However, the importance of CTR-1 proteins in Cu transport cannot be disputed, 451 as they are an essential route of Cu uptake for all vertebrates (62). There is obviously 452 some post-transcriptional regulation occurring, that down-regulates the protein 453 abundance under periods of excessive Cu; however, this requires further investigation. 454
Outside of the above explanations for increased transcription rates of our genes of 455 interests, an alternate explanation is that under conditions of environmental stress, there is 456 an increased protein turnover rate, which allows for the faster production of new proteins, 457 and faster degradation of harmful proteins (see review 25). Furthermore, it has been 458 shown that growth rate is sacrificed as protein turnover rate increases in rainbow trout 459 (41). In all of our fish exposed to waterborne Cu, we see a significant reduction in growth 460 rate compared to those fish under normal circumstances (Table 3) 
